Obesity is a major public health problem worldwide. Largescale prospective studies have shown that obesity independently predicts cardiovascular morbidity and mortality. 1, 2 Overweight is often used interchangeably with preobesity, which is defined as a body mass index (BMI) between 25 and 30 kg/m 2 (ref. 3). Overweight is also associated with impaired cardiovascular fitness and an increased risk of heart failure. 4 These effects may result from conditions such as hypertension, dyslipidemia and diabetes mellitus, which frequently coexist with overweight and obesity. 5 But while most obese subjects have concentric left ventricular (LV) remodeling or hypertrophy and diastolic dysfunction, 6,7 not all of these patients will have hypertension. Therefore, hypertension may not be necessary for LV hypertrophy to develop in obesity. A recent study demonstrated that increased risk of LV diastolic dysfunction is found not only in obese persons but also in overweight subjects. 8 Moreover, increased BMI was associated with worse LV diastolic function independent of LV mass and associated risk factors. 8 The mechanisms of LV hypertrophy and diastolic dysfunction in overweight and obesity are not clearly defined; however, evidence suggests that increased adiposity and BMI adversely affects the vascular system by increasing arterial stiffness. 9,10 Normally, exercise induces changes in central hemodynamics and arterial pressure waveforms and these changes can be different according to aging. 11,12 However, there is no data regarding dynamic changes in arterial hemodynamics after exercise in overweight subjects. We tested the hypothesis that overweight subjects show a different exercise response in aortic pressure wave reflection after exercise as compared to lean subjects.
Obesity is a major public health problem worldwide. Largescale prospective studies have shown that obesity independently predicts cardiovascular morbidity and mortality. 1, 2 Overweight is often used interchangeably with preobesity, which is defined as a body mass index (BMI) between 25 and 30 kg/m 2 (ref. 3) . Overweight is also associated with impaired cardiovascular fitness and an increased risk of heart failure. 4 These effects may result from conditions such as hypertension, dyslipidemia and diabetes mellitus, which frequently coexist with overweight and obesity. 5 But while most obese subjects have concentric left ventricular (LV) remodeling or hypertrophy and diastolic dysfunction, 6, 7 not all of these patients will have hypertension. Therefore, hypertension may not be necessary for LV hypertrophy to develop in obesity. A recent study demonstrated that increased risk of LV diastolic dysfunction is found not only in obese persons but also in overweight subjects. 8 Moreover, increased BMI was associated with worse LV diastolic function independent of LV mass and associated risk factors. 8 The mechanisms of LV hypertrophy and diastolic dysfunction in overweight and obesity are not clearly defined; however, evidence suggests that increased adiposity and BMI adversely affects the vascular system by increasing arterial stiffness. 9, 10 Normally, exercise induces changes in central hemodynamics and arterial pressure waveforms and these changes can be different according to aging. 11, 12 However, there is no data regarding dynamic changes in arterial hemodynamics after exercise in overweight subjects. We tested the hypothesis that overweight subjects show a different exercise response in aortic pressure wave reflection after exercise as compared to lean subjects.
Methods
Study subjects. We consecutively enrolled 127 nondiabetic women (mean age 63 ± 7 years) who were referred for diastolic stress echocardiography. Those subjects who had LV systolic dysfunction (LV ejection fraction <55%), significant arrhythmia,
Background
Obesity is associated with arterial stiffening, left ventricular (LV) hypertrophy, and diastolic dysfunction. However, there is no data regarding dynamic changes in arterial hemodynamics with exercise in overweight subjects. We hypothesized that overweight women would show a different exercise response in wave reflection compared with lean women.
Methods
A total of 59 overweight and 68 lean nondiabetic women (mean age 63 ± 7 years) underwent symptom-limited supine bicycle exercise testing with simultaneous two-dimensional and Doppler echocardiography. central hemodynamics including central aortic pressure and augmentation index (AIx) were obtained at rest and immediately after peak exercise using radial artery tonometry.
results
Overweight women showed a higher LV mass index (lean vs. overweight; 40.2 ± 10.2 vs. 45.3 ± 11.0 g/m 2.7 , P = 0.007) and a lower early diastolic mitral annular velocity (6.3 ± 1.8 vs. 5.5 ± 1.6 cm/s, P = 0.013) than lean women. Although the two groups did not differ in peripheral and central hemodynamics including AIx (36.3 ± 11.7 vs. 36.8 ± 10.2%, P = 0.830) and AIx normalized for heart rate 75/min (AIx@75, 30.4 ± 11.5 vs. 30.1 ± 9.9%, P = 0.885) at rest, AIx (20.9 ± 11.5 vs. 27.6 ± 10.4%, P = 0.004) and AIx@75 (25.8 ± 10.2 vs. 31.6 ± 7.7%, P = 0.002) at peak exercise were significantly higher in overweight women. In simple correlation analysis, body mass index (bMI) showed significant correlations with AIx, and AIx@75 at peak exercise, whereas no relationships were found with those parameters at rest. Multiple regression analysis showed that bMI was an independent determinant of AIx@75 at peak exercise (β = 0.28, P = 0.004).
original contributions
Overweight and Exercise Wave Reflection valvular disease, peripheral artery disease, coronary artery disease, renal insufficiency (serum creatinine >1.4 mg/ml), BMI ≥30 kg/m 2 , and a brachial blood pressure ≥140/ 90 mm Hg were excluded. All subjects were over 50 years of age. No subject who revealed inducible myocardial ischemia with exercise was included. The women were divided into a lean group (BMI <25 kg/m 2 ; n = 68) and an overweight group (25.0 ≤ BMI < 30.0 kg/m 2 ; n = 59). The institutional review board of Yonsei University College of Medicine approved the study protocol and each subject gave informed, written consent to participate.
Clinical and biochemical assessment. The clinical evaluation included a medical history and physical examination. Physical measurements were made with the subjects in indoor clothing and without shoes. BMI, used as a measure of general obesity, was calculated as weight (kilograms) divided by height squared (m 2 ). Blood samples were obtained from each subject after an 8-h overnight fast by venipuncture into plain and EDTA tubes. Fasting glucose, total cholesterol, triglycerides, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol levels were measured by enzymatic procedures using an autoanalyzer (Bayer, Tarrytown, NY).
Exercise protocol. Exercise testing with simultaneous respiratory gas analysis was performed using a variable load bicycle ergometer (Medical Positioning, Kansas City, MO) in a supine position. Echocardiographic examination was performed during exercise as described previously. 13 Briefly, after obtaining resting images, a multistage supine bicycle exercise test was performed. From the resting images, standard two-dimensional measurements were performed as recommended by the American Society of Echocardiography. 14 LV mass was derived using the Devereux's modified American Society of Echocardiography cube formula and indexed to height to the power of 2.7 (ref. 14) . LV hypertrophy was defined as an LV mass index ≥45 g/m 2.7 (ref. 14) . From the apical window, a 1-2-mm pulsed Doppler sample volume was placed at the mitral valve tip and mitral flow velocities from 5 to 10 cardiac cycles were recorded. The mitral inflow velocities were traced to obtain the peak velocity of early (E) and late (A) filling, and deceleration time of the E velocity. Mitral annular velocities were measured by Doppler tissue imaging using the pulsed-wave mode. Early (Ea) and late (Aa) diastolic and systolic (Sa) velocities of the mitral annulus were measured from the apical four-chamber view with a 2-5-mm sample volume placed at the septal corner of the mitral annulus. Stroke volume was calculated by multiplying LV outflow tract area by the time integral of the outflow tract velocity measured by pulsed-wave Doppler. Left ventricular outflow tract area was determined as (D/2) 2 , where D is the LV outflow tract diameter measured from a zoomed systolic freeze frame in the parasternal long-axis view.
The subjects pedaled at a constant speed beginning at a workload of 25 W, with an incremental increase of 25 W every 3 min until limited by their symptoms. Exercise time was recorded in seconds. Peak workload was estimated as metabolic equivalents.
Assessment of central hemodynamics and wave reflection characteristics.
Central hemodynamics and parameters of wave reflection were assessed with pulse wave analysis of the radial artery using commercially available radial artery tonometry (SphygmoCor, AtCor Medical, Sydney, Australia). These measurements were taken in the supine position after a minimum rest of 5 min just before the echocardiogram and immediately (<1 min) after peak exercise.
As previously reported, 15 peripheral pressure waveforms were recorded from the radial artery at the wrist using applanation tonometry with a high fidelity micromanometer (Millar Instruments, Houston, TX). After 20 sequential waveforms had been acquired, a validated generalized transfer function was used to generate the corresponding central aortic pressures and pressure waveforms. Central systolic blood pressure (BP), diastolic BP, pulse pressure (PP), augmentation pressure, and augmentation index (AIx) were derived from this using the technique of pulse waveform analysis. Pulse pressure was calculated as the difference between respective systolic and diastolic pressures. Augmentation pressure is the difference between the second and the first systolic peaks, and AIx is defined as the ratio of augmentation pressure to aortic PP expressed as a percentage. In addition, given that AIx is influenced by heart rate, an index normalized for heart rate 75/min (AIx@75) was used. PP amplification was calculated as the ratio of the peripheral to central PP. Only high quality recordings, defined as an in-device quality index >80 %, (derived from an algorithm including average pulse height, pulse height variation, diastolic variation, and the maximum rate of rise of the peripheral waveform) and acceptable curves on visual inspection, were included in the analysis. Peripheral BP was measured immediately preceding pulse waveform analysis at rest and immediately after exercise using an oscillometric BP monitoring device at the brachial level (Solar 8000M patient monitoring device; GE Medical Systems, Milwaukee, WI). Pulse wave velocity was assessed only at rest using the quotient of the carotid-femoral path length and carotid-femoral pressure pulse transit time. Pressure waveforms were gated with simultaneous electrocardiographs and were used to calculate the pulse wave velocity between two sites. Tonometry transit distances from the supra-sternal notch to the radial, femoral and carotid recording site were measured with a tape measure. The distance between recording sites was adjusted for parallel transmission in the aorta and the carotid by correcting for the distance between the supra-sternal notch and the carotid.
Statistical analysis. Continuous variables were presented as the mean ± s.d. and categorical variables as absolute and relative frequencies (%). All data sets were tested for normality using Kolmogorov-Smirnov test.
Data were compared between groups using the unpaired Student's t-test for continuous variables. Within groups, Student's paired t-test was used to compare data obtained at rest and at peak exercise. Categorical variables were compared using the χ 2 test. Simple correlation analyses were performed to determine the association of BMI with parameters of wave reflection. After examining scatter plots for the independent and dependent variables, it was determined that the assumption of linearity was not significantly violated. The assumption of normality of the residuals was examined with histograms of the residuals and normal p-p plots of the regression standardized residuals. Both methods illustrated that the assumption of normality was satisfied. Variables that were significant at the P < 0.10 level, based on a simple linear regression analysis with AIx at peak exercise as the dependent variable, were included in the multiple linear regression analysis. A P value <0.05 was considered to be statistically significant.
results

Baseline characteristics
The two groups did not differ significantly in age, height, frequency of hypertension, dyslipidemia, smoking or use of antihypertensive medications. However, fasting blood glucose was significantly higher and high-density lipoprotein cholesterol was lower in the overweight group than in the lean group ( Table 1) . Table 2 shows the comparison of echocardiographic findings between the groups. Overweight subjects had larger LV dimensions and posterior wall thickness than lean subjects. Despite similar relative wall thickness, overweight women showed a significantly larger LV mass index and a higher proportion with LV hypertrophy. Indexes reflecting LV systolic function, such as LV ejection fraction, stroke volume, and Sa velocity, did not differ significantly. However, Ea velocity was significantly lower and deceleration time of mitral inflow E velocity was significantly longer in the overweight group. These findings suggest greater impairment of LV relaxation in overweight subjects.
echocardiographic characteristics
central hemodynamics and wave reflection at rest and after exercise
The peripheral and central hemodynamic parameters are summarized in Table 3 . The common limiting symptoms of exercise were leg fatigue (70.9%) and shortness of breath (28.3%). There were no significant differences between two groups regarding the cause of the exercise termination. Exercise duration and an average of achieved metabolic equivalents were not significantly different between the two groups. However, peak VO 2 was significantly lower in the overweight group than in the lean group. There were no significant differences in stroke volume and cardiac output at rest and after peak exercise between the two groups. Peripheral hemodynamic parameters at rest and immediately after peak exercise did not differ between the groups except for resting diastolic BP. Central systolic BP at rest and after peak exercise tended to be higher in overweight subjects but were not significantly higher. The central diastolic BP of the overweight group was higher than that of the lean group. On the pulse waveform analysis, resting augmentation pressure, AIx and AIx@75, were similar between groups. However, after peak exercise, augmentation pressure, AIx, and AIx@75 were significantly higher in the overweight group than in the lean group ( Table 3) . The delta changes of augmentation pressure (lean vs. overweight; −3.8 ± 8.1 vs. 1.1 ± 8.7, P = 0.005), Δ AIx (−15.6 ± 11.8 vs. −9.2 ± 14.5 %, P = 0.019) and Δ AIx@75 (−4.7 ± 13.1 vs. 1.3 ± 12.3 %, P = 0.023) from rest to immediate postexercise were also significantly different between the groups. PP amplification was significantly lower in overweight group at rest and after peak exercise.
In simple correlation analyses, BMI showed significant correlations with AIx (r = 0.25, P = 0.007) and AIx@75 (r = 0.29, P = 0.002) after peak exercise, whereas no significant correlations were found with resting parameters of the wave reflection (Figure 1) . The Ea velocity did not correlate with resting AIx@75 (r = −0.03, P = 0.704) but it showed a significant correlation with AIx@75 after peak exercise (r = −0.19, P = 0.038). Multiple regression analysis showed that BMI was an independent determinant of AIx@75 after peak exercise (β = 0.28, P = 0.004), even after adjustment for confounding variables such as age, fasting plasma glucose, comorbidities, previous use of antihypertensive medications and AIx@75 at rest ( Table 4) .
discussion
The principal findings of the present study are that (i) overweight nondiabetic women show alterations in wave reflection characteristics after peak exercise, suggesting latent changes in surrogates of arterial stiffness; and (ii) BMI is an independent determinant of AIx@75 after peak exercise. The present study is the first to demonstrate different characteristics in aortic pressure wave reflection after exercise in overweight subjects.
obesity and arterial stiffness
Arterial stiffness is increasingly recognized as an important prognostic factor and potential therapeutic target in subjects AIx, augmentation index; AIx@75, augmentation index at heart rate 75 bpm; AP, augmentation pressure; bpm, beats per minute; DBP, diastolic blood pressure; METs, metabolic equivalent; PP, pulse pressure; PWV, pulse wave velocity; SBP, systolic blood pressure. with cardiovascular risks. The association of obesity with increasing arterial stiffness is revealed by a higher mean pulse wave velocity, 9 reduced arterial distensibility, increased crosssectional aortic area and decreased aortic elasticity by magnetic resonance imaging 10 in obese individuals. Although the relationship between obesity and AIx in some populations is controversial, 16, 17 obese women consistently show higher AIx and increased central aortic pulsatile hemodynamics. 18, 19 Although a causal relationship between obesity and arterial stiffness is not established, several plausible mechanisms have been suggested. 9, 10 First, endothelial dysfunction and subsequent sympathetic activation may contribute to increased arterial stiffness. Obesity may be closely related to various measures of endothelial function. 20 Second, insulin resistance related to obesity is likely to have vascular effects through hyperinsulinemia and hyperglycemia. 9 Hyperinsulinemia may promote sympathetic activation and vascular smooth muscle cell growth, 21 and potentially increase arterial stiffness through nonenzymatic glycation, which induces collagen cross-linking. 22 Third, proinflammatory adipocytokines may play an important role in vascular physiology. Elevated leptin, for example, is independently associated with impaired vascular function. 23 
overweight and changes in arterial mechanical properties
The changes in arterial mechanical properties have also been investigated in subjects with the overweight range. Orr and colleagues 24 demonstrated that a modest diet-induced weight gain resulted in increases in large artery stiffness assessed with original contributions
Overweight and Exercise Wave Reflection carotid arterial compliance in healthy young adult men. Fahs and colleagues 25 also suggested that increase in BMI is associated with elevated peripheral blood pressure and reduced arterial compliance even in the overweight group. However, they failed to show significant differences in resting AIx and age adjusted pulse wave velocity across a range of BMI. In addition, the results of some studies regarding the resting arterial stiffness with overweight are inconsistent. 26 The reasons for these disparate findings remain unclear, but may be explained by different characteristics of subjects or different methods assessing arterial properties. In the current study, we could observe a lower resting PP amplification in overweight subjects without any differences in resting indexes reflecting arterial stiffness. BMI showed a weak correlation with resting PP amplification but could not reach a statistical significance (r = −0.18, P = 0.071). We could suggest that a lower resting PP amplification in overweight subjects was one of support results for subtle changes in arterial mechanical properties.
overweight and dynamic changes in wave reflection after exercise
Exercise testing provides valuable clinical information not only in patients with disease, but also in healthy subjects with cardiovascular risk factors. Exercise induces changes in arterial pressure waveforms. 11, 12 Radial artery tonometry and pulse wave analysis are both valid 27 and reproducible during exercise. 28 Exercise significantly decreases AIx in healthy young men. 11, 29 With aging, central blood pressures and parameters of aortic wave reflection are increased during exercise. 11, 12 Older men have higher central blood pressure, augmentation pressure, AIx and an attenuated PP amplification at rest and during exercise than younger counterparts. 11, 12 Relative changes during exercise in central pressure and augmentation pressure are significantly greater in the older subjects, while the decline in AIx is significantly attenuated. 12 The present study showed that exercise response of wave reflections were more blunted in overweight women than those of lean women of similar ages. The cause for the change in central hemodynamic response to exercise in overweight subjects is unknown. Several plausible mechanisms include endothelial dysfunction, possible influence of adiposity on reflecting sites, a reduced vasodilatory capacity during exercise, and exercise-induced neurohormonal activity. Exercise activates sympathetic pathways and increases production of the vasoconstrictor angiotensin II. Obesity may increase responsiveness to angiotensin II. 30 Angiotensin II increases AIx, and nitroglycerin reduces it in healthy men. 31 Thus, an exercise-induced increase in vasoconstrictors and reduced vasodilatory capacity could contribute to dynamic changes in wave reflection with exercise that we observed in the overweight group.
overweight and left ventricular remodeling
Obesity induces several modifications in cardiac structure and function, and presents a risk factor in itself for heart failure. [6] [7] [8] LV hypertrophy and chamber dilatation in obesity result from a combination of increased blood volume and altered hormonal factors, including hyperleptinemia, insulin resistance and activation of the renin-angiotensin system. 7 In addition to the increased preload, arterial stiffness and early wave reflections in obese subjects may augment the central aortic pressure wave amplitude and increased LV afterload, and thereby impair relaxation. 32, 33 In our study, overweight women showed larger LV mass index and a higher frequency of LV hypertrophy than lean women. The Ea velocity was significantly lower in overweight women, and it was associated with AIx@75 at peak exercise. Therefore, a dynamic increase in central arterial load with exercise could be one factor in LV remodeling and diastolic dysfunction in overweight subjects.
In conclusion, overweight women showed different wave reflections after peak exercise than lean women. Our findings suggest that overweight is related to dynamic changes in wave reflection with exercise in nondiabetic women.
study limitation
Limitations of this study need to be addressed. The general application of our findings may be limited, first, by the study population, which included only East Asian women. Therefore, the results of this study cannot be generalized to other population. Second, we did not assess other indexes of central or visceral obesity such as waist circumference and abdominal visceral fat. We cannot conclude whether the indexes of central or visceral obesity are related with surrogates of arterial stiffness at rest and after peak exercise in this study. Third, we did not measure endothelial function, neurohormonal activities, or angiotensin II level at rest and after exercise that might support an underlying mechanism for our findings. Further investigation is warranted to prove possible mechanisms. Fourth, we did not have the data regarding the history of exercise training, daily activity levels, hormonal replacement therapy, and the amount of caffeine intake. However, any subjects who had ever received endurance exercise training were not included in this study. Fifth, we could not measure pulse wave velocity after peak exercise. Although the AIx has been used as a surrogate measure of arterial stiffness, pulse wave velocity is a gold standard and a direct measure of arterial stiffness. Sixth, there was no withholding of medication prior to study days. The pharmacological effects of medications could influence on the hemodynamic parameters at rest and after exercise.
clinical perspectives
Overweight may be regarded as preobesity, a condition more easily modified than obesity. Exercise testing is sensitive to vascular stiffening in its early stages, which are not apparent at rest. Early detection of vascular aging may increase the effectiveness of lifestyle modifications, including aerobic exercise, weight reduction, and pharmacologic intervention, in preventing disease progression in overweight subjects.
